Three genetic loci in the mouse affect the synthesis and assembly of the erythrocyte membrane skeleton.
served chromosomal segment yet known.
The membrane skeleton is a multiprotein structure that binds to and underlies the plasma membrane of erythrocytes (reviewed in ref. 1) . Spectrin, a large heterodimeric molecule (>400 kDa) is the major protein component of the membrane skeleton (reviewed in ref. 2) . The a-and ,B-subunits of spectrin are distinct but closely related proteins with a characteristic internal repeating structure (3) . Analyses of sequence data indicate that the genes for a-and f3-spectrin arose from a common ancestral gene (3) .
The importance of spectrin in the stabilization of the erythrocyte membrane is revealed by studies of the inherited hemolytic anemias of humans and mice. Six well-characterized mutations at three distinct loci in mice produce spectrin-deficient erythrocyte membrane skeletons (4, 5) and cause severe hemolytic anemias (6) . Four alleles of the spherocytosis locus (sph, sphha, spr-'J, and Sph2BC) affect a-spectrin, the ja allele at the jaundiced locus affects ,Bspectrin, and the nb allele at the normoblastosis locus affects spectrin assembly through a defect in the membrane skeletal protein known as ankyrin (5) . The human inherited hemolytic anemias appear more diverse and are not as well understood as those of the mouse. Data presented in this manuscript indicate that several of the mouse and human anemias result from mutations in homologous loci.
Spectrin-related proteins (isoforms) are now known to exist in many nonerythroid tissues (reviewed in ref. 7) . Sequence analyses of the tissue-type isoforms reveal an internal repeat structure homologous to erythroid spectrin, thus identifying them as members of the same gene family (8, 9) . The availability of cloned DNA representing the genes for several of the spectrin proteins makes it possible to study the evolution, structure, and organization of the spectrin genes. It is now known that the genes for the various spectrins are dispersed throughout the genome. The gene for erythroid a-spectrin is on chromosome 1 in mouse and man (10) . The gene for erythroid 3-spectrin maps to chromosome 12 in mouse (11) and chromosome 14 in man (12) . The gene for brain a-spectrin (also called a-fodrin) is located on chromosome 2 in mouse and chromosome 9 in man (13) . In most instances the position of these genes on the chromosome is not determined and the linkage relationship to the hemolytic anemia mutations is not known.
In this report we present the results of a series of experiments that map the jaundiced mutation (ja) to chromosome 12 in mouse and define the positions of erythroid a-and p8-spectrin and brain a-spectrin on their respective chromosomes. In addition we determine the linkage relationships of the genes for these spectrins to the spherocytosis and jaundiced loci in mice. The implications of these data for the relatedness of the mouse and human inherited hemolytic anemias is discussed. Results of the experiments with 83-spectrin on chromosome 12 suggest the need for a major revision of the published gene order for that chromosome (14) . Finally we discuss the nomenclature problems presented by the existence of multiple spectrin genes and recommend a procedure for coordinating the assignment of symbols to these genes.
MATERIALS AND METHODS
Animals. Inbred mice of the C57BL/6J, WB/Re, DBA/1J, DBA/2J, C3HeB/FeJ, and SWR/J strains were obtained from The Jackson Laboratory. The sph, sphha, sph21, sph2BC, andja mutations are maintained in our research colony on the C57BL/6J and WB/Re inbred strains.
Marker Loci. Table 1 lists the marker loci used, the assay used to detect the loci, and the mouse strains polymorphic in those assays. Note that Aat (formerly called Pre-J) and Pre-2 are part of the same gene cluster on chromosome 12 (14) . The CS gene is tightly linked and probably identical to the Hc locus on chromosome 2 (15) and the Crip gene is tightly linked to the immunoglobulin heavy chain constant region gene cluster (Igh-C) on chromosome 12 (17) .
Hybridization Probes. Table 2 summarizes information about the hybridization probes used. The probes are designated in Table 2 and in the text by the gene symbol for the loci they detect (Table 1) . Although the Spna-2 and Crip probes are not derived from mouse, both clones are well characterized by sequence analysis and the data support their use in this study. The nucleic acid sequence of the Spna-2 probe, pUC8-13a, is highly homologous (>95% in some regions) to the rat brain spectrin cDNA clone that maps to mouse Abbreviation: RFLP, restriction fragment length polymorphism.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. tMice homozygous for either of these mutations are extremely jaundiced at birth. chromosome 2 (9, 13). The Crip probe, pR13, is essentially identical in sequence to a partial cDNA clone for Crip from mouse intestine (17) . The rat clone was used because it includes more coding sequence than the mouse clone.
Detection of Restriction Fragment Length Polymorphisms (RFLPs). Genomic DNA was isolated from adult mouse spleens as described by Kozak and Birkenmeier (25) and from livers of newborn mice by substituting livers for tails in the method of Siracusa et al. (26) .
DNA samples were restriction enzyme digested, electrophoresed in agarose slab gels, and transferred to nylon filters (27) . Hybridization probes were 32P-labeled by the random hexamer priming method (28) . Hybridizations were as recommended for Zetabind nylon filters (AMF CUNO, Meriden, CT).
Electrophoretic Detection of Prealbumin 2. The Prealbumin 2 (Pre-2) electrophoretic assay was modified from Taylor et al. (19) by adapting it for use with a mini-vertical slab gel apparatus (Bio-Rad) and 10% acrylamide gels. Gel and running buffers were as in Taylor et al. (19) . Serum samples were diluted 1:4, and 1 ,ul of sample was loaded per well. Gels were electrophoresed at a constant 20 mA for 2 hr and stained with Coomassie blue. Pre-2 alleles were determined according to Shreffler (29) RESULTS Linkage of the a-Spectrin Gene to the Spherocytosis Locus. The spherocytosis locus maps to the distal end of chromosome 1 in the mouse (5) . Four mutant alleles that affect erythroid a-spectrin are known at this locus: sph, sphha, sph2j, and sph2BC (5). The anemias produced by these mutations are severe and homozygous mutant animals have reduced viability. To help alleviate this, a mating system whereby homozygous mutant animals are produced on a hybrid genetic background was devised (6) . Briefly, each mutant gene is transferred from the strain of origin to the C57BL/6J (B6) and WB/Re (WB) inbred strains by repeated backcrossing, thus producing B6 and WB lines congenic for each sph allele. It is important to note that with each successive backcross a smaller and smaller piece of the strain of origin DNA is carried along with the mutant gene. The current number of backcross generations for each of the eight sph lines is given in Table 3 . By crossing B6 and WB animals heterozygous for the chosen sph mutation, homozygous mutant animals are produced as WBB6F1 hybrids. Fig. 1 shows the results of an experiment designed to determine whether the a-spectrin gene and the sph locus recombined during the formation of the sph lines. The Spna-J probe (a-spectrin) detects a Taq I-restricted RFLP between the B6 and WB strains (lanes 1 and 2). Wild-type WBB6F1 animals express a composite B6 and WB RFLP pattern (lane 3). Homozygous mutant WBB6F1 animals, produced as described above, express a homozygous rather than a heterozygous a-spectrin RFLP pattern (lanes 4-7). This result indicates that the a-spectrin gene and the sph locus have not recombined. If this is true, then the RFLP pattern expressed by the strains of origin should agree with that expressed by the WBB6F1 animal homozygous for the mutation that arose in them. This is verified for the strains of origin that are available for assay, DBA/1J (sphha) and C3HeB/FeJ (sph2J) (lanes 8 and 9). DNA is no longer available from the strains of origin for the sph and sph2BC mutations. Since the four sph mutations are alleles, the number of backcrosses involved in producing the eight congenic lines are additive. The four WBB6F1 homozygous mutant animals investigated represent 71 informative backcrosses (Table 3 ). This indicates that the a-spectrin gene and the sph locus are very tightly linked and possibly identical.
Linkage of the .-Spectrin Gene to the Jaundiced Locus.
Results of a series oflinkage experiments designed to map the jaundiced mutation indicated loose linkage with the prealbumin 2 (Pre-2) locus on chromosome 12. This tentative linkage was further investigated by analysis of the progeny from an interstrain backcross informative for five marker loci on chromosome 12. In addition to confirming the linkage of the ja locus to chromosome 12 the backcross was designed to determine the linkage relationship of the ,8-spectrin gene and the ja locus. This backcross and the markers used are outlined in Table 4 . In the first cross, B6 (+ Ija) animals, produced as described for the sph mutations, were crossed to animals of the SWR/J inbred strain. In the second cross, F1 (+ /ja) progeny from the initial cross were mated back to B6
(+ Ija) animals. Because some uncertainty exists in identifying ja heterozygotes, only progeny homozygous for the ja mutation were tested. The marker loci and the assays used to detect them are summarized in Table 1 , 5-10. The probes are described in Table 2 , 2 and 5-7.
The results of this analysis confirm the location of the jaundiced mutation on chromosome 12 (Table 4 ). In addition, of 72 backcross progeny examined, no crossovers between the ja locus and the 8-spectrin gene were detected. This indicates very tight linkage and possible identity of the two loci. The gene order and map distances determined for the five markers used in this cross are presented in Table 4 . Our results firmly support the gene order for Fos-Aat-Crip. The ja,Spnb-l-Fos-Aat order is less well established. Statistical treatment of the data using the maximum likelihood methods of Bishop (31) makes this order only slightly more likely (logarithm of odds score, 10.96) than the order Fos-ja,Spnb-I-Aat. More data are required to resolve this question.
Localization of the Brain a-Spectrin Gene on Chromosome 2. The brain a-spectrin gene was previously mapped to mouse chromosome 2 by Barton et al. (13) . We further defined the position of this gene on chromosome 2 by analysis of 120 backcross progeny from the cross outlined in Table 5 
The number (n) of each genotype among theja/ja progeny is listed.
Marker loci (Fos, ja, Spnb-J, Aat, and Crip) are described in Table   1 . 
DISCUSSION
Erythroid Spectrin and the Hemolytic Anemias. In a series ofgenetic experiments we have determined the chromosomal location of three spectrin genes and the jaundiced mutation in mice. Our results show that the sph locus and the Spna-J gene are tightly linked on chromosome 1 and that the ja locus is tightly linked to the Spnb-J gene on chromosome 12. Previous work from our laboratory investigated the effects of the murine hemolytic anemia mutations on the synthesis and assembly of the erythrocyte membrane skeleton (5) . We found that mice homozygous for the sphha mutation synthesize and initially assemble greater than normal amounts of a-spectrin. However a-spectrin does not accumulate in the membrane skeleton, indicating that the initial binding is Genetics: Birkenmeier et al. GENE ORDER:
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within conserved chromosomal segments indicates that the ted Hemolytic Anemias.
spectrin genes were dispersed in the genome before the :ypes and the dominant divergence of mouse and man some 70 million years ago (39) . man hemolytic anemias, How and when this dispersion occurred is an intriguing question remaining to be answered. A second and equally interesting question is: How many spectrin genes actually exist? Spectrin Gene Nomenclature. Three spectrin genes are mapped in humans and three are mapped in mice. Although some differences exist among the conventions used for naming human and mouse genes, the assigning of spectrin gene symbols has thus far been well coordinated. Table 6 lists the spectrin genes mapped and gives the gene symbols assigned and accepted by the respective committees for human and mouse genetic nomenclature. We suggest that workers who map a new spectrin gene consult the appropriate nomenclature committee before choosing the gene symbol. The most current listings of the members of these committees are found in ref. 41 
